Numerous secondary metabolites have been isolated from the insect pathogenic fungus Metarhizium anisopliae, but the roles of these compounds as virulence factors in disease development are poorly understood. We targeted for disruption by Agrobacterium tumefaciens-mediated transformation a putative nonribosomal peptide synthetase (NPS) gene, MaNPS1. Four of six gene disruption mutants identified were examined further. Chemical analyses showed the presence of serinocyclins, cyclic heptapeptides, in the extracts of conidia of control strains, whereas the compounds were undetectable in ⌬Manps1 mutants treated identically or in other developmental stages, suggesting that MaNPS1 encodes a serinocyclin synthetase. Production of the cyclic depsipeptide destruxins, M. anisopliae metabolites also predicted to be synthesized by an NPS, was similar in ⌬Manps1 mutant and control strains, indicating that MaNPS1 does not contribute to destruxin biosynthesis. Surprisingly, a MaNPS1 fragment detected DNA polymorphisms that correlated with relative destruxin levels produced in vitro, and MaNPS1 was expressed concurrently with in vitro destruxin production. ⌬Manps1 mutants exhibited in vitro development and responses to external stresses comparable to control strains. No detectable differences in pathogenicity of the ⌬Manps1 mutants were observed in bioassays against beet armyworm and Colorado potato beetle in comparison to control strains. This is the first report of targeted disruption of a secondary metabolite gene in M. anisopliae, which revealed a novel cyclic peptide spore factor.
Numerous secondary metabolites have been isolated from the insect pathogenic fungus Metarhizium anisopliae, but the roles of these compounds as virulence factors in disease development are poorly understood. We targeted for disruption by Agrobacterium tumefaciens-mediated transformation a putative nonribosomal peptide synthetase (NPS) gene, MaNPS1. Four of six gene disruption mutants identified were examined further. Chemical analyses showed the presence of serinocyclins, cyclic heptapeptides, in the extracts of conidia of control strains, whereas the compounds were undetectable in ⌬Manps1 mutants treated identically or in other developmental stages, suggesting that MaNPS1 encodes a serinocyclin synthetase. Production of the cyclic depsipeptide destruxins, M. anisopliae metabolites also predicted to be synthesized by an NPS, was similar in ⌬Manps1 mutant and control strains, indicating that MaNPS1 does not contribute to destruxin biosynthesis. Surprisingly, a MaNPS1 fragment detected DNA polymorphisms that correlated with relative destruxin levels produced in vitro, and MaNPS1 was expressed concurrently with in vitro destruxin production. ⌬Manps1 mutants exhibited in vitro development and responses to external stresses comparable to control strains. No detectable differences in pathogenicity of the ⌬Manps1 mutants were observed in bioassays against beet armyworm and Colorado potato beetle in comparison to control strains. This is the first report of targeted disruption of a secondary metabolite gene in M. anisopliae, which revealed a novel cyclic peptide spore factor.
Metarhizium anisopliae is at the forefront of efforts to develop entomopathogenic fungi as insect biocontrol agents and has been used worldwide for invertebrate pest control as an alternative to chemical pesticides (16, 31, 67) . The best-known use of Metarhizium has been for the control of locust and grasshopper plagues in Africa, Australia, and South America (51, 54) . Secondary metabolite production by M. anisopliae is predicted to be critical for disease development in host insects (10, 66, 75, 81) . However, the roles of secondary metabolites as virulence factors for insect pathogenic fungi are poorly understood due to the lack of molecular genetic studies unequivocally demonstrating their contributions to the disease process (13, 31, 42) . Furthermore, it is unclear what roles they play in the biology of these organisms. They might confer antimicrobial activity for niche establishment, serve as signaling molecules that modulate fungal or insect development, or act as self-defense compounds that protect the fungus from invertebrate-derived, microbe-derived, or environmentally derived stresses (e.g., light, heat, desiccation, or reactive oxygen species). Directly or indirectly, secondary metabolites could accordingly serve as insect toxins.
Only a few families of peptide metabolites have been described from Metarhizium spp. The destruxin toxins, a large family of cyclic depsipeptides, are the most prevalent of the secondary metabolites produced by M. anisopliae in fermentation and, by far, the most exhaustively researched toxins of the entomopathogenic fungi (60) . They are produced by several taxonomically distinct fungi and are thought to be involved in the disease processes of Alternaria brassicae and M. anisopliae on their respective plant and invertebrate hosts (42, 57, 60) . Destruxins A, B, and E are the primary constituents reported from fermentation broths of M. anisopliae (56) , and their synthesis is likely encoded by a nonribosomal peptide synthetase (NPS) (39) . Bailey et al. (4) characterized an NPS gene from M. anisopliae called pesA (GenBank accession no. CAA61605) but concluded it probably did not encode a destruxin synthetase, based on the absence of methylation domains in the predicted protein (12) .
Generally, in vitro production of destruxins by M. anisopliae is positively correlated with virulence of the fungus against its hosts, i.e., strains that produce relatively high levels of destruxin in vitro tend to exhibit greater virulence against in-sects, although exceptions to this trend exist (3, 20, 42, 69) . Furthermore, in vitro assays utilizing purified destruxins have demonstrated a wide range of biological activities against insects, including immunosuppression, activation of calcium channels in muscle, antifeedant activity, and acute toxicity (28, 57, 60, 66, 67, 75, 81) . M. anisopliae also produces the myroridin antibiotics (44) , which are linear heptapeptides that show antifungal and antiviral activities, as well as cell growth inhibition (32) .
Recently, we provided the first report of mutagen production by M. anisopliae, which secretes the compounds NG-391 and NG-393 into culture media of the fungus (46) . These compounds are structurally related to the fusarins produced by Fusarium spp. (25) , which are formed as hybrid polyketidenonribosomal peptides (25, 64, 73) . Like the fusarins, they exhibited potent S9-dependent mutagenic activity in the Salmonella mutagenicity test but were inactive in antimicrobial and mosquitocidal assays (46) .
In addition to nonribosomal peptides and hybrid molecules containing them, Metarhizium spp. produce secondary metabolites in other chemical classes. These include the cytochalasins (1, 24) , helvolic acid (19) , swainsonine (33, 59 ), 12-hydroxyovalicin (47) , viridoxins (29) , fungerins (78) , and metacytofilin (37) . Although most of the known metabolites of Metarhizium exhibit biological activities in vitro against mammalian, insect, microbial, or plant cells, none has yet been demonstrated conclusively by genetic means to play an essential role in invertebrate disease. Thus, their roles in insect-fungus interactions, as well as in the biology of Metarhizium as a saprophyte, remain unknown (28, 67, 75) .
We report here the first targeted disruption of a secondary metabolite gene in M. anisopliae by Agrobacterium tumefaciensmediated transformation (ATMT), which facilitated the discovery of a new class of nonribosomal peptides called serinocyclins (45) that were detected in conidia of control strains but not in gene disruption mutants of MaNPS1 (⌬Manps1). We also report the in vitro and in vivo characterization of the resulting ⌬Manps1 mutants. Moon et al. (55) previously described ATMT of M. anisopliae and early aspects of the present study.
MATERIALS AND METHODS
Strains and general growth conditions. Sixteen Metarhizium strains were chosen from the Agricultural Research Service Collection of Entomopathogenic Fungi (ARSEF) in Ithaca, NY, for evaluation of destruxin production in vitro and insect virulence (Table 1) . For routine culturing, Metarhizium strains were grown in one-quarter-strength Sabouraud dextrose agar plus yeast extract ( 1 ⁄4SDAY; 10 g of dextrose, 2.5 g of yeast extract, 2.5 g of Bacto peptone, and 15 g of Bacto agar per liter; 20-ml/9-cm diameter petri dish) at 25°C in the dark.
For synchronous production of conidia, spore suspensions were spread uniformly across the surface of one-quarter-strength Sabouraud starch agar plus yeast extract ( 1 ⁄4SSAY) plates prepared identically as for 1 ⁄4SDAY but with corn starch (no. S9679; Sigma-Aldrich Co., St. Louis, MO) replacing dextrose; cultures were incubated for at least 1 week at 25°C in the dark. To limit mycelium production, plates were incubated without Parafilm in a sealed plastic container, which allowed sufficient airflow to prevent moisture build-up inside the petri dish lids. Alternatively, conidia were produced under the same conditions on barley medium (7.5 g of organic barley flour per liter and 1.5% Bacto agar) with incubation for at least 12 days. Submerged blastospore-like propagules (21) were obtained in half-strength SDY supplemented with 50 mM citrate-phosphate buffer (pH 6.5) and inoculated with 10 7 spores/100 ml of medium in a 250-ml flask. Flasks were incubated at 27°C for 3 days in the dark with shaking (150 rpm). For the production of destruxins, conidia (10 6 ) were transferred to 100 ml of Difco or HiMedia Czapek-Dox broth (CDB; Becton Dickinson [BD], Franklin Lakes, NJ, or VWR, West Chester, PA, respectively) with 0.5% BD Bacto peptone (CDBP) in 250-ml Erlenmeyer flasks and grown at 25°C with shaking (150 rpm) for up to 2 weeks.
E. coli strain JM109 was used for the construction and amplification of the binary vector carrying the MaNPS1 gene disruption construct (pBD1-ma267KO) (Fig. 1 ). E. coli was grown at 37°C in Luria-Bertani (LB) broth or on LB agar with kanamycin (75 g/ml). A. tumefaciens strain GV3101 was used for transformation of M. anisopliae and was grown at 29°C in yeast extract and peptone medium (YEP) (11) with gentamicin (25 g/ml). All restriction endonucleases were purchased from New England Biolabs (Ipswich, MA), and the pGEM-T Easy vector and T4 DNA ligase were purchased from Promega (Madison, WI). VOL. 74, 2008 NONRIBOSOMAL PEPTIDE SPORE FACTOR IN METARHIZIUMNucleic acid isolations. To prepare genomic DNA for Southern blot analysis, M. anisopliae strains were grown as for destruxin production above in CDBP for 8 days. Mycelia were harvested, rinsed thoroughly with sterile distilled water, and lyophilized. Genomic DNA was isolated by using modifications of the protocol from the Wizard genomic DNA purification kit (Promega) as described previously (86) , except that the lysis buffer was 150 mM EDTA, 50 mM Tris-Cl (pH 8.0), with 1% Sarkosyl (49) . In addition, the protocol was modified as follows. Lyophilized mycelium (0.7 to 1.0 ml) was ground to a fine powder without the use of glass beads; each tube was vortex mixed for 30 to 60 s after the addition of lysis buffer. The 30-min incubation step at 65°C was not included, and after the isopropanol precipitation step the DNA was pelleted with a 30-to 60-s spin at 12,000 ϫ g instead of a 10-min spin. After the suspension of DNA in 1ϫ TE (1 M Tris-HCl [pH 8] and 0.5 M EDTA [pH 8]) as described by Wu et al. (86) , the DNA was treated with proteinase K at a final concentration of 200 g/ml for 1 h at 37°C, followed by heat inactivation at 65°C for 5 min. The DNA was phenolchloroform extracted once, chloroform extracted once, and then ethanol precipitated with a 0.1 volume of 3 M sodium acetate and 2 volumes of cold 100% ethanol (68) . Finally, the DNA was suspended in 1ϫ TE and treated with a 1/100 dilution of 10 mg of RNase A (Fermentas, Inc., Hanover, MD)/ml for 30 min at 37°C.
To screen transformants by PCR for disruption of the MaNPS1 gene, genomic DNA was extracted according to the small scale (miniprep) DNA preparation method of Irelan et al. (38) but modified as follows. A small piece of mycelium was transferred to 500 l of 1ϫ SDY with 1% Bacto peptone broth in a 1.5-ml Eppendorf tube and grown for 2 days at 25°C with shaking (150 rpm). The culture was transferred to a 2-ml screw-cap microcentrifuge vial, the mycelium was pelleted, and the supernatant was removed, followed by the addition of approximately 150 l of sterile white quartz sand (Sigma no. S-9887) and 500 l of isolation buffer (38) . The mycelia were disrupted with a Mini-BeadBeater (Biospec Products, Inc., Bartlesville, OK) for 10 s at setting 5 (4,800 oscillations/ min) and then incubated at 65°C for 10 min. After treatment with 7.5 M ammonium acetate as described previously (38) , the tubes were spun for 10 min at 16,000 ϫ g, and 700 l of supernatant was transferred to a fresh tube. DNA was precipitated with isopropanol as described previously (38) , pelleted by centrifugation as before, washed briefly with 75% ethanol, pelleted, air dried briefly, and resuspended in 300 l of 1ϫ TE. The DNA was treated with 3 l of RNase A (10-mg/ml stock) for 1 h at 37°C, extracted with an equivalent volume of saturated phenol-chloroform-isoamyl alcohol (25:24:1), precipitated by using standard methods (68) , pelleted and washed with 75% ethanol, and resuspended in 50 l of 1ϫ TE buffer after air drying briefly.
Total RNA for cDNA preparation and reverse transcription-PCR (RT-PCR) was isolated from lyophilized mycelia of 3-and 6-day-old cultures grown as described above for large-scale DNA isolation in CDBP. Lyophilized mycelium was ground with a mortar and pestle in liquid N 2 , and 50 mg of material was treated with 1 ml of TRIzol reagent (Invitrogen, Carlsbad, CA). Phase separation was obtained by adding a 0.2 volume of chloroform, followed by gentle inversion of the tube, while RNA precipitation was achieved by using a 0.5 volume of isopropanol plus a 0.5 volume of high-salt precipitation solution (Molecular Research Center, Inc., Cincinnati, OH). RNA to be used for RT-PCR was suspended in 53 l of diethyl pyrocarbonate (DEPC)-treated water plus 6 l of 10ϫ buffer (Promega) and treated with 1 l of RNase-free DNase (Promega) for 30 min at 37°C. RNA was purified again with TRIzol as described above but starting with 0.5 ml of TRIzol solution and followed finally by suspension in 30 l of DEPC-treated water.
Preparation of cDNA and amplification conditions for RT-PCR. First-strand cDNA was synthesized by using random hexamer primers, 1 g of total RNA per sample, and 2 l each of RNaseOUT (Invitrogen) and SuperScript III Reverse Transcriptase (Invitrogen) according to the manufacturer's protocol. First-strand cDNA (2 l) from each time point, and the fungus strain assayed was used as a template for PCRs using the primer pair DesF (5Ј-GTCCGGACGCATTTAC ACGAA-3Ј) and DesR (5Ј-GACAGCCAGCTTAGAAACA-3Ј) to detect the expression of MaNPS1. Each reaction contained final concentrations of 1 U of Taq polymerase (Promega), 1ϫ reaction buffer, 1.5 mM MgCl 2 , 0.2 mM deoxynucleoside triphosphates (dNTPs), 0.5 M concentrations of each primer, and 2 l of cDNA in a total vol of 25 l. The thermocycler parameters used were 94°C for 2 min (initial denaturation), followed by 35 cycles of 94°C for 30 s (denaturation), 55°C for 1 min (primer annealing), and 72°C for 1 min (primer extension), with a final extension at 72°C for 5 min. The ␤-tubulin gene was used as a constitutive internal control to confirm the presence of high-quality cDNA that was not contaminated with genomic DNA (primers ␤-tub 40F, 5Ј-CACCT TCAGACCGGTCAGTG-3Ј; ␤-tub 750R, 5Ј-GAAGCGGCCATCATGTTCTT AG-3Ј). Total RNA (50 ng) was used as a template in each experiment to confirm the removal of genomic DNA before cDNA preparation. ARSEF 2575 genomic DNA was used as a template with ␤-tubulin primers as a positive control, and for comparison of this intron-containing PCR product with the smaller product derived from cDNA.
Construction of the Ma#267 gene replacement cassette. Clone Ma#267 is an ϳ1.9-kb cDNA fragment kindly provided by S. Screen and R. St. Leger (University of Maryland, College Park) that includes the sequence of expressed sequence tag (EST) AJ272930 (623 bp), which was isolated after 24 h of growth of M. anisopliae ARSEF 2575 on cockroach cuticle-containing minimal medium (23) . Clone Ma#267 contains part of an NPS condensation domain at the 5Ј end of the sequence and a complete NPS adenylation (AMP-binding) domain downstream (Fig. 1C) . A gene disruption cassette was constructed so that placement of the Bar gene disrupted the adenylation domain (Fig. 1) . The first portion of the gene (fragment F1, 0.88 kbp) was amplified from clone Ma#267 with the primers 1PacIF (5Ј-TTAATTAAGAGACAGTTGCCTTTGGC-3Ј) and 1XbaIR (5Ј-TCTAGAGCAGAGGATTGAAAGTCA-3Ј) by PCR. A second fragment of clone Ma#267 (fragment F2, 0.65 kbp) was amplified with the primers 2SacIF (5Ј-GAGCTCGAGGAAGATTGTCATTTC-3Ј) and 2AscIR (5Ј-GGCGCGCCTATTGCGCCAATAGGCAT-3Ј). PacI, XbaI, SacI, and AscI restriction sites were added to the respective primers (underlined nucleotides). Clone Ma#267 template DNA was amplified by using the following thermocycler parameters: 94°C for 2 min, followed by 30 cycles of 94°C for 30 s, 57°C for 1 min, and 72°C for 1 min, with a final extension at 72°C for 5 min, with approximately (14), to give the vector pBD1-ma267KO (Fig. 1A) . ATMT. MaNPS1 gene disruption vector pBD1-ma267KO was electroporated into A. tumefaciens GV3101 with a Gene Pulser II (Bio-Rad, Hercules, CA) using standard settings recommended by the manufacturer. ATMT was performed by using a modified method of Covert et al. (14) . pBD1-ma267KO-transfected GV3101 cells were grown in 50 ml of YEP medium with kanamycin (50 g/ml) and gentamicin (25 g/ml) overnight at 29°C until reaching an optical density at 600 nm (OD 600 ) of 0.6 to 0.8. Cells were washed twice with 4°C sterile water and then diluted with induction medium (7) containing 200 M acetosyringone (3Ј,5Ј-dimethoxy-4Ј-hydroxyacetophenone; Aldrich, Milwaukee, WI) to an OD 600 of 0.15 and grown at 29°C until reaching an OD 600 of 0.5. ARSEF 2575 conidia (2 to 3 weeks old) were harvested from 1 ⁄4SDAY in sterile water with 0.05% Silwet L-77 (Loveland Industries, Inc., Greeley, CO), filtered through either sterile nylon membrane (20-m pore size) or three layers of sterile Kimwipes held in a funnel to remove hyphae, counted by using a hemacytometer, and used for ATMT.
pBD1-ma267KO-transfected GV3101 cells were mixed 1:1 with M. anisopliae spores (10 8 spores/ml), and 200 l of this mixture was spread on the surface of sterile black filter paper (Thomas Scientific, Swedesboro, NJ), which had been overlaid onto each induction medium plate with 200 M acetosyringone. Plates were incubated for 2 days in the dark at 25°C. Transformant selection was achieved by transferring each filter paper onto plates containing M-100 medium (74) amended with 6.9 ml of Finale (AgrEvo Environmental Health, Montvale, NJ)/liter, which corresponds to 400 g of the active ingredient, glufosinate ammonium (GA), per ml. The medium also contained 300 g of either carbenicillin (Research Products International, Mount Prospect, IL) or cefotaxime (Research Products International)/ml to kill bacteria. Each filter paper was then overlaid with 10 ml of M-100 medium containing the same antibiotics as in the basal medium and 0.9% agar. Plates were incubated for 7 to 10 days in the dark at 25°C until the transformants had grown to the surface of the top agar. Each primary transformant was transferred to a single well of a 24-well microtiter plate containing Aspergillus minimal medium (ATCC medium 687, Pontecorvo's Aspergillus medium), which was modified to contain 4.4 g of monobasic ammonium phosphate/liter in place of 6 g of sodium nitrate/liter (referred to here as modified Aspergillus minimal medium[mAMM]). mAMM was amended with 3.45 ml of Finale/liter (200 g of GA/ml), and the cultures were incubated in the dark at 25°C.
Screening primary transformants for disruption of the MaNPS1 gene and mitotic stability. Miniprep genomic DNA (prepared as described above) was screened by PCR to detect a homologous recombination event in which the gene disruption construct containing the Bar cassette was inserted into the wild-type copy of the gene. DNA was amplified with the primers Sma267F (5Ј-CCATTG TGCTTCAATGCT-3Ј) and 2EndR (5Ј-CCGGAGGTAAATAACGTCGA-3Ј), which anneal outside of the two flanking regions used to make the disruption construct of pBD1-ma267KO (Fig. 1B) . PCR amplification was performed with a blend of DNA polymerases in the ratio of 0.2 U of Platinum Pfx DNA polymerase (Invitrogen) and 5 U of Taq DNA polymerase (Promega) (52) in the reaction mix. Miniprep genomic DNA was diluted 10-fold, and 1 l (approximately 30 ng) was used as a template in reactions containing 0.1 l of the Pfx/Taq polymerase mix and final concentrations of 1ϫ Pfx amplification buffer, 0.2 mM dNTPs, 1 mM MgSO 4 , and 0.5 M concentrations of each primer in a final volume of 25 l. The following thermocycler parameters were used: 94°C for 2 min, followed by 35 cycles of 94°C for 30 s, 62°C for 1 min, and 72°C for 2 min, with a final extension at 72°C for 5 min. An amplicon of 1.9 kb is expected when an intact copy of the MaNPS1 gene is present in transformants with an ectopic integration event or from wild-type ARSEF 2575. In the case of a homologous recombination event at the Ma#267 locus, an amplicon of 3.7 kb is expected from the ⌬Manps1 mutants since this event would result in an amplicon that is larger in size than the intact, wild-type gene fragment by 1.8 kb, the size of the Bar cassette (Fig. 1B) . Primary transformants could potentially exhibit both a wild-type fragment (1.9 kb) and a disrupted MaNPS1 gene (3.7 kb) before homokaryon purification by isolation of colonies derived from single, mononucleate spores.
To select monoconidial isolates, spores from six putative ⌬Manps1 mutants and one ectopic transformant identified in the PCR screen were diluted and transferred to Difco CDB with 1.5% agar (CDA; BD) containing 3.45 ml of Finale/liter (200 g of GA/ml). A representative single spore-derived colony from each transformant was determined mitotically stable by demonstrating growth on GA-containing medium after three weekly serial transfers in the absence of selection.
Southern blot analyses. M. anisopliae isolates were screened for potential restriction fragment length polymorphisms (RFLPs) after digestion of genomic DNA with restriction enzyme, Southern blotting, and hybridization with individual Metarhizium NPS fragments. Analyses were repeated independently at least twice for each isolate. Genomic DNA (10 g) of 16 M. anisopliae isolates ( Table  1) was digested with BamHI, which digests clone Ma#267 (1.897 kb) of MaNPS1 into two fragments, and separated by gel electrophoresis (1% agarose, 1ϫ TAE buffer [40 mM Tris-acetate, 2 mM Na 2 EDTA-2H 2 O; pH 8.5). Digested DNA was transferred to positively charged nylon membrane by capillary transfer as described in the digoxigenin (DIG) application manual for filter hybridization (Roche Molecular Biochemicals, Indianapolis, IN) and independently hybridized with each of five distinct NPS gene fragments from Metarhizium spp., denoted Ma#267, ma1095-2.1, ma1095-3.3, ma1015-2KA2, and ma2082-2040 (unpublished data). Each DNA fragment, cloned into a pGEM-T Easy vector, was PCR labeled using the PCR DIG probe synthesis kit (Roche Molecular Biochemicals) and gene-specific primers (Sma267F and 2EndR for clone Ma#267; unpublished data for other clones).
Prehybridization and high-stringency hybridization conditions were as described in Roche's DIG application manual with the following exceptions. Prehybridization in DIG Easy Hyb solution was for at least 2 h; up to 25 l of denatured PCR-labeled probe (depending on the relative labeling efficiency) was added to 2.5 ml of DIG Easy Hyb solution and incubated with the membrane overnight at 45°C in a hybridization oven. The Roche protocol for washing blots after hybridization was modified by washing in low-stringency buffer at room temperature for 10 min three times, followed by two washes in high-stringency buffer (0.1ϫ SSC [1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 0.1% sodium dodecyl sulfate) at 68°C for 30 min. Hybridization probes were detected using CDP-Star as the chemiluminescent substrate and the recommended Roche protocol with the following exceptions. The first incubation in blocking solution was for 2 h and then the membrane was incubated in 10 ml of 1ϫ blocking solution containing 0.5 l of anti-DIG-AP antibody solution for 30 min, followed by three 10-min rinses in washing buffer and detection with CDP-Star using the transparency technique. Each probe was hybridized to the identical blot that had been stripped of the previous probe using Roche's recommended stripping protocol.
To characterize the ⌬Manps1 mutants and control strains for Bar gene location and copy number, genomic DNA (10 g) was digested with XbaI, SacI, BamHI, or SacI/BamHI; separated by gel electrophoresis (0.8% agarose, 1ϫ TAE buffer); and transferred to positively charged nylon membrane by capillary transfer as previously described. The blot was hybridized sequentially with either digoxigenin-labeled Ma#267 or a Bar gene fragment as described above.
Insect bioassays. Eight Metarhizium isolates were chosen for analysis in insect bioassays to evaluate the range of virulence levels present in this subset ( Table  1) . Because of their varied host and culture history, all isolates were first passed through beet armyworm (BAW), Spodoptera exigua, and reisolated from cadavers before initiating virulence bioassays. BAW eggs were obtained from the U.S. Department of Agriculture-Agricultural Research Service (USDA-ARS) Southern Insect Management Unit, Stoneville, MS. For the narrow-host-range, orthopteran isolate ARSEF 324, initial infection was accomplished only by inoculating larvae with a very high dose of spores. Single-spore isolates of all BAW-derived strains, stored in 10% glycerol at Ϫ80°C, were used in all further analyses.
To screen ARSEF isolates for virulence, BAW were inoculated as second instars using an enclosed Plexiglas spray tower with a calibrated nozzle (79) at a dosage of 10 spores mm Ϫ2 , including treatment with the suspending medium (0.04% Silwet L-77) as a negative control. One dish of 1% yeast extract agar was included inside the spray tower during inoculation to quantify spore germination and estimate dosage. Larvae were monitored daily for 7 days for signs and symptoms of disease and mortality, and dead larvae were removed from dishes, surface disinfected, and incubated on sterile 1.5% water agar to confirm mycosis. Average survival times and percentage mortality among fungus-inoculated S. exigua larvae were determined for the range of isolates assayed.
To screen ⌬Manps1 mutants and control strains for virulence against BAW, fungal isolates were cultured on 1 ⁄4SSAY (9-cm diameter petri dishes) for 10 days at 25°C with a 15-h light/9-h dark photoperiod. Plates were uncovered and dried VOL. 74, 2008 NONRIBOSOMAL PEPTIDE SPORE FACTOR IN METARHIZIUM 4369 for 8 h at 20% relative humidity within a laminar flow cabinet and then covered, sealed with Parafilm, and stored at Ϫ20°C for 1 to 21 days before use in BAW bioassays. Spores were flooded into suspension on the culture surface using 0.01% Tween 80. Suspensions were transferred to sterile 50-ml screw-cap centrifuge tubes and shaken for 15 min on a wrist-action shaker. Concentrations were adjusted by using a hemacytometer to 3.5 ϫ 10 7 conidia/ml, using an additional 0.01% Tween 80 as a diluent, to a total volume of 15 ml. Diluent alone was used to inoculate controls.
BAW were obtained as eggs from Benzon Research (Carlisle, PA). Newly hatched larvae were reared on diet containing chlortetracycline, methyl paraben, and potassium sorbate (product no. F9220B; Bio-Serv, Frenchtown, NJ) at 25°C and for a 15-h/9-h light/dark cycle until reaching the second instar. Second instars were dipped in spore suspensions (or diluent for controls) three times in quick succession and placed individually on a 1-cm 3 cube of BAW diet containing chlortetracycline as the only antibiotic (Southland Products, Inc., Lake Village, AR) in a 3.5-cm-diameter petri dish. Methyl paraben and potassium sorbate were excluded from the postinoculation diet since they inhibit growth of Metarhizium. Larval mortality was tabulated daily for 7 days at 25°C with a 15-h/9-h light/dark cycle, changing the diet daily. Aliquots of each spore suspension used for inoculations were spread on one-quarter-strength SDA and incubated for 20 h before scoring at least 100 spores/isolate for germination.
Six assays were conducted using four isolates in each assay. Wild-type and ectopic strains were included in each of the six assays. Two of three ⌬Manps1 mutants were selected randomly for each assay so that each isolate was tested in four assays. Sixty second instars were inoculated with each isolate in each assay. Larvae dying within 24 h of inoculation were discarded, resulting in 47 to 60 viable larvae per isolate per assay. One-way analyses of variance were done to test for strain differences in arcsin square root-transformed percentage mortality and germination. Pearson correlation analysis was conducted between transformed percentage mortality and arcsine square root-transformed percentage germination.
To screen ⌬Manps1 mutants and control strains for virulence against Colorado potato beetle (CPB; Leptotarsa decemlineata), insect eggs were obtained from the USDA Phillip Alampi Beneficial Insect Laboratory (West Trenton, NJ) and hatched on potato foliage in a 24°C incubator with a 12-h/12-h light/dark cycle. Insects were inoculated as third instars, using an enclosed Plexiglas spray tower with a calibrated nozzle (79), at four spore dosages (range, ca. 100 to 1,500 spores/mm 2 , 12-day-old fresh conidia from 1 ⁄4SDAY) and with a negative control (i.e., the suspending medium, 0.04% Silwet L-77). One dish of 1% yeast extract agar was included to quantify spore germination and estimate dosage. After spraying, each insect was transferred to a sterile petri dish (60 by 15 mm 2 ) lined with moist filter paper and containing potato foliage. Each treatment consisted of two replicates of 30 larvae each, and the experiment was independently replicated at least twice. Larvae were monitored daily for up to 7 days for signs of disease and mortality; dead larvae were removed and checked as described above for confirmation of mycosis.
Mitotic stability of ⌬Manps1 mutants isolated from infected insects. Secondinstar BAW larvae were inoculated and maintained as described above. Dead, infected larvae that had begun to sporulate were collected and transferred to water agar containing a cocktail of antibiotics (25 g of gentamicin/ml, 100 g of mefoxin/ml, 100 g of streptomycin/ml, 100 g of carbenicillin/ml, 100 g of chloramphenicol/ml, 30 g of hygromycin B/ml) to inhibit the growth of microbes other than M. anisopliae, which was allowed to grow for approximately 1 week before transfer to 1 ⁄4SSAY without Bar selection. A small amount of mycelium was scraped from each culture on 1 ⁄4SSAY, and DNA was extracted by using 100 l of DNAzol (Molecular Research Center, Inc.) according to the manufacturer's instructions. DNA (1 l) was used as a template for PCR using the primer pair DesF and DesR (see above), which differentiates between ⌬Manps1 mutants (single band, 0.6 kb), the Ect A-18 strain (two PCR products, 0.6 and 0.7 kb), and ARSEF 2575 (single band, 0.7 kb). The ϳ0.7-kb band represents the genomic DNA copy of the gene, whereas the ϳ0.6-kb band represents the cDNA copy of the transgene at the site of MaNPS1 gene disruption in the mutants or the vector integration site in the ectopic transformant. Reactions contained 0.5 U of Taq polymerase mix, 1ϫ Taq amplification buffer, 0.2 mM dNTPs, 2 mM MgCl 2 , and 0.5 M concentrations of each primer in a final volume of 15 l. The thermocycler parameters used were 94°C for 2 min, followed by 35 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 2 min, with a final extension at 72°C for 10 min.
High-pressure liquid chromatography (HPLC) analyses of extracts of broth and mycelia of M. anisopliae. For quantitative analysis of destruxins from broth and mycelia, 100-ml aliquots of CDBP were inoculated with 1 ml of 10 6 spores/ml in triplicate in 250-ml Erlenmeyer flasks and grown for up to 14 days at 160 rpm at 25°C Ϯ 2°C with ambient light. Mycelia were harvested from broth by vacuum filtration through two sheets of Whatman no.1 filter paper in a Buchner funnel, and each mycelial mat was oven dried for 48 h to obtain the dry weight.
For initial comparisons of destruxin production in vitro by Metarhizium isolates and for gene expression analyses, broth from fungal cultures (10 ml) was passed through a preconditioned C18 EV SPE column (200 mg; no. 405150; Alltech Associates, Inc., Deerfield, IL), rinsed with water, eluted with 2 ml of methanol, and dried. For destruxin analyses of ⌬Manps1 mutants and control strains, the entire broth fraction was extracted twice with a 0.5 volume of dichloromethane, and then the organic layers were combined and dried over anhydrous Na 2 SO 4 , and the solvent was removed in vacuo. Mycelial mats were blended in approximately 100 ml of ethanol and stirred for 24 h at 25°C Ϯ 2°C in ambient light. The ethanolic extract was collected via filtration through two sheets of Whatman no. 1 paper and concentrated to dryness in vacuo, and the residue was partitioned between dichloromethane and water. The organic layer was dried over anhydrous Na 2 SO 4 and concentrated in vacuo. The mycelial mats were oven dried for 48 h to obtain the dry weights. All extracts were dissolved in methanol before HPLC analysis.
For HPLC analyses comparing destruxin production by Metarhizium spp. and during MaNPS1 gene expression, destruxins A and B were estimated by using a 10-point calibration curve and integrated areas for each peak in extract chromatograms that matched the retention time of authentic destruxin A (SigmaAldrich Co.) and destruxin B (HPLC purified). HPLC used a reversed-phase C18-A column (Varian 5 m, 250 by 4.6 mm) with a premixed isocratic mobile phase (acetonitrile-water, 50:50), a flow rate of 1 ml/min, primary detection by UV at 220 nm, and a wavelength scan of 200 to 350 nm. The conditions for HPLC analysis of destruxin production in ⌬manps1 mutants and control strains were as described by Krasnoff et al. (46) 
ESIMS analyses of conidial extracts. Cultures were grown on barley medium in 9-cm petri dishes for 8 days at 25°C. Conidia were harvested by scraping the surface of cultures with a sterile loop in 10 ml of water, followed by a second rinse of the culture with 5 ml of water. The combined conidial suspension (ϳ15 ml) was filtered through cheesecloth and pelleted by centrifugation at 600 ϫ g for 6 min. After removal of the supernatant, the pellet was resuspended in 1 ml of MeOH by vortex mixing and then sonicated for 5 min. The suspension was then filtered through a 0.2-m-pore-size syringe filter and dried under N 2 . Samples were diluted in MeOH to a concentration of 0.1 mg/ml and infused by a syringe pump (Harvard apparatus) at 5 l/min into a Micromass ZMD-4000 spectrometer for electrospray ionization mass spectrometric (ESIMS) analysis in positiveion mode using capillary and cone voltages of 3.25 kV and 50 V, respectively. The data were acquired by scanning four times through the range m/z 2 to 1,200 at 400 amu/s (3.0 s/scan) with a 0.1-s interscan delay. Serinocyclin A, purified as described previously (45) , was used as a calibration standard. Standard curves were generated, using 0.01-, 0.1-, 1.0-, 5.0-, and 10.0-ng/ml solutions in methanol, by summing the ion counts of the pseudomolecular ions [ ϩ of serinocyclin A at m/z 673, 695, and 711, respectively. Detector response measured in this manner was linear through the range from 0.1 to 10 ng/l. The limit of quantification was established at 0.1 ng/l (signal-to-noise ratio, 5). The limit of detection for the method was established at 0.06 ng/l (signal-to-noise ratio, 3).
In vitro phenotype assays of ⌬Manps1 mutants. Methodologies for assessing asexual sporulation, colony hydrophobicity, radial growth with or without hydrogen peroxide (H 2 O 2 ) treatment, germination of fresh or aged conidia on agar medium or one supplemented with H 2 O 2 or KCl, conidial germination on cockroach wings, conidial adhesion, and conidial surface morphology as evaluated by scanning electron microscopy are described in the supplemental material.
RESULTS
Identification of an M. anisopliae target isolate for MaNPS1 gene disruption. A representative selection of isolates from the ARSEF collection was screened for virulence against BAW and in vitro destruxin production to identify a single strain to be used for MaNPS1 gene disruption and further experimentation. All eight isolates assayed caused mycosis among second-instar BAW larvae (Table 1) . Generally, and as reported by others in the literature (3, 42, 69) , isolates that produced relatively high levels of destruxin in vitro were more virulent (i.e., killed insects faster) than those that produced relatively 4370 MOON ET AL. APPL. ENVIRON. MICROBIOL.
low levels of destruxin in culture. ARSEF 703 was an exception to this trend in that it produced low destruxin titers in vitro but was highly virulent against BAW. ARSEF 324, which is an M. anisopliae var. acridum isolate with a narrow host range generally limited to orthoptera, was the least virulent of the strains assayed and killed larvae most slowly, as well as producing low levels of destruxins in vitro. It is notable that lepidopteran isolates of M. anisopliae exhibited a range of virulence levels against the lepidopteran S. exigua and were not always the most virulent. In fact, two of the four most virulent isolates against BAW (ARSEF 2575 and ARSEF 23) were originally isolated from coleopteran hosts. Ultimately, ARSEF 2575 (also referred to here as Ma2575; formerly known as ME1) was chosen as the primary isolate for further study because of its high virulence against BAW and relatively high levels of destruxin production in vitro (Table 1 ). In addition, this strain is a broad-host-range entomopathogen, one of the most commonly referenced M. anisopliae strains in the literature, and has been utilized for a wide range of molecular biology studies. Sequence analysis of clone Ma#267 of MaNPS1. Clone Ma#267 (1.897 kb) is a cDNA fragment of a predicted NPS gene identified initially as AJ272930 (623 bp) from an EST library of M. anisopliae ARSEF 2575 grown for 24 h in a minimal medium containing 1% cockroach cuticle after a 30 h preculture period in a rich Sabouraud-glucose broth with 0.5% yeast extract (23) . Using the NCBI Basic Local Alignment Search Tool (BLAST) (2) and the discontinuous Megablast or Blastn program against the nonredundant database, clone Ma#267 showed greatest identities over a 311-nucleotide (nt) region (69%, 8e-24) and over an 858-nt region (64%, 6e-38) within the locus XM_001227983, which encodes hypothetical protein CHGG_10057 from the fungus Chaetomium globosum, a saprophyte and human nail and skin pathogen (analyses were conducted im May 2008 [data not shown]). Protein CHGG_10057 has the highest similarity to the predicted protein of clone Ma#267 (Table 2 ) and contains several domains typical of NPSs, including seven predicted AMP-binding domains. Ma#267 showed the greatest similarity to the first predicted amino acid activation domain of the predicted C. globosum protein, with an E-value of 3e-141 and identities and positive amino acids over an 873-nt region of 59 and 75%, respectively. Identities of 25 to 65% were seen over other regions of the protein. From genome sequence data, the CHGG_10057 protein is encoded by a gene and mRNA of 27,672 nt. The C. globosum gene is associated with other predicted genes in an apparent gene cluster. However, relatively few of the associated genes have been annotated as containing domains common to secondary metabolite biosynthetic genes. Blastx analyses of clone Ma#267 at the Joint Genome Institute eukaryotic genomics site (http://genome.jgi-psf.org/euk_home .html) revealed high similarity (E-value of 1e-120) to a predicted NPS gene (fgenesh1_pg.C_scaffold_19000036) with six adenylation domains on scaffold 19 of the genome of the mycoparasite Trichoderma virens. The T. virens hypothetical protein was highly similar to the predicted protein CIMG_09750 of the human pathogen Coccidioides immitis, which has the second highest similarity to the predicted protein of clone Ma#267 of MaNPS1 ( Table 2 ). The T. virens protein also showed similarity to the majority of other proteins in Table 2 , except C. globosum CHGG_10057. Support Vector Machinebased software (63) was unable to predict the specificity of the adenylation domain of clone Ma#267 of M. anisopliae MaNPS1, which has GenBank accession no. EU275151.
Using Blastn against the GenBank EST database, a 59-nt region of clone Ma#267 showed 76% identity to three ESTs (GenBank accession numbers CO035825, CO032944, and CO021837) from both saprobic and pathogenic spherule cDNA libraries of Coccidioides posadasii (17, 41) . These ESTs form a contig of 1,558 nt that is 98% identical over the same length to the mRNA of GenBank accession no. XM_001240128, which encodes hypothetical protein CIMG_09750 from the closely related fungus C. immitis (Table 2 ). Further Blastx analyses of the C. posadasii EST sequences, as well as other fungal ESTs with short regions (32 to 35 nt) of high similarity to Ma#267 (Corynascus heterothallicus EB062651; Neurospora crassa AI399499; and Ophiostoma piliferum EB044438) suggested that these genes likely encode NPSs or other proteins containing AMP-binding domains that are distinct from MaNPS1 and the C. globosum CHGG_10057 predicted protein.
Although clone Ma#267 showed significant similarity to many proteins predicted to encode NPSs, most have not been characterized functionally and are not linked to known natural products. It is notable that of the proteins with greatest similarity to the M. anisopliae MaNPS1 sequence, most were from human fungal pathogens (Chaetomium, Coccidioides, Aspergillus terreus, A. fumigatus, and Neosartorya fischeri) or predicted human allergens (A. oryzae, Gibberella, and Alternaria brassi- Southern blot analyses to screen M. anisopliae strains for RFLPs. Southern analysis was conducted to determine the hybridization pattern and copy number of MaNPS1 by hybridizing clone Ma#267 with isolates of M. anisopliae that vary in virulence and destruxin production in vitro (Table 1) . Most isolates appeared to contain a single copy of clone Ma#267, suggesting a single copy of the gene. The exception was ARSEF 324, which in multiple analyses showed a doublet suggesting the possibility of two slightly different sized copies of MaNPS1.
Clone Ma#267 detected RFLPs that correlated, albeit imperfectly, with relative levels of destruxin production in vitro ( Fig. 2 and Table 1 ). The majority of isolates that produced intermediate and high levels of destruxins exhibited a hybridization pattern identical to that of ARSEF 2575, which had two hybridizing bands of ca. 3.2 and 1.7 kb in size that were expected since clone Ma#267 contains a single BamHI site. ARSEF 1095 was a clear exception to the pattern in that it exhibited the polymorphism typical of most low producers of destruxin, i.e., a single band of ca. 4.9 kb, and yet produced high levels of destruxins in vitro. Since the two bands present in most intermediate or high producers totaled 4.9 kb, the results suggested that the single 4.9-kb band might have arisen by loss of the BamHI site via a mutational event.
The correlative results shown in Fig. 2 are in distinct contrast to those we observed using four additional unique NPS gene fragments from M. anisopliae isolates ARSEF 1095, ARSEF 1015, or M. album isolate ARSEF 2082 as probes (data not shown). These fragments were cloned from genomic DNA of the respective strains using a PCR-based approach to amplify regions containing conserved domains within NPSs (unpublished data). Sequential hybridization of the blot shown in Fig.  2 with each of these clones showed no discernible pattern that correlated with fungal virulence or in vitro destruxin levels, unlike the Ma#267 clone from ARSEF 2575.
In vitro expression of MaNPS1. RT-PCR experiments demonstrated that
MaNPS1 is expressed concurrently with destruxin production in two of three isolates assayed 3 and 6 days after inoculation of CDBP with conidia (Fig. 3) . The relative expression levels increased as destruxin production increased for M. anisopliae strain ARSEF 2575, which exhibited high levels of virulence against BAW and high levels of destruxin production in vitro (Table 1) . However, for ARSEF 1015, which exhibited intermediate virulence against BAW and low in vitro production of destruxins, increased expression of MaNPS1 over time was not correlated with an increase in destruxin production relative to mycelial mass. Furthermore, MaNPS1 expression did not increase with time in ARSEF 324, the narrow-host-range M. anisopliae var. acridum isolate that exhibited low virulence against BAW and low in vitro production of destruxins. In addition, the relative levels of gene expression in ARSEF 2575 and 1015 did not correlate well with the levels of destruxin measured in the same cultures, i.e., gene expression was relatively high in ARSEF 1015, but only low amounts of destruxin were detected compared to the amounts present in ARSEF 2575 cultures.
MaNPS1 gene disruption. GA-resistant transformants were screened by PCR to detect the amplification products indicative of an intact, wild-type MaNPS1 gene versus those in which the Bar expression cassette was inserted within the MaNPS1 coding region. An amplicon of 1.9 kb, representing an intact copy of MaNPS1, was detected in wild-type ARSEF 2575 and an ectopic, GA-resistant transformant, Ect A-18 (Fig. 4) . Transformants in which a homologous recombination event caused insertion of the Bar expression cassette (1.8 kb) into the wild-type Ma#267 fragment (1.9 kb) produced an amplicon of 3.7 kb (Fig. 1B and 4) . Four ⌬Manps1 mutants (KO B1-3, KO 8-18, KO 37-2, and KO 43-1) and Ect A18-1 were chosen for further evaluations of potential phenotype changes. All strains were mitotically stable in vitro in the absence of drug selection for more than 3 weeks (data not shown). Single spore isolates Table 1 . FIG. 3 . In vitro MaNPS1 gene expression by M. anisopliae. Relative expression levels of MaNPS1, detected by RT-PCR, correlated with an increase in destruxin production over time for M. anisopliae isolate ARSEF 2575 (M. anisopliae var. anisopliae; high producer) but not for isolates ARSEF 1015 (M. anisopliae var. majus; low producer) or ARSEF 324 (M. anisopliae var. acridum; low producer). The numbers under each lane of the top gel represent the average destruxin AϩB production relative to the average dry weight of the mycelium (mg of destruxin AϩB/mg of mycelium [myc]) per replicate culture at 3 days (six replicates/isolate) or 6 days (three replicates/isolate) postinoculation. The "ϩ control" was genomic DNA used as a template for the PCR; the "Ϫ control" was the PCR lacking template DNA. No signals were detected when DNase-treated RNA from each sample was used as a template (data not shown).
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of the ARSEF 2575 strain passed through BAW, and all transformants described here were deposited into the ARSEF culture collection and given the accession numbers ARSEF 2575 (ARSEF 8322), Ect A-18 (ARSEF 8323), KO B1-3 (ARSEF 8324), (ARSEF 8325), KO 37-2 (ARSEF 8326), and KO 43-1 (ARSEF 8327). Southern analyses of ⌬Manps1 mutants and control strains. All four ⌬Manps1 mutants contained a single copy of the Bar gene (Fig. 5B, data not shown) . In contrast, Ect A18-1, a control transformant in which the MaNPS1 disruption cassette integrated into the genome by nonhomologous recombination, contained two copies of the Bar gene inserted at sites external to the Ma#267 locus (Fig. 5 and data not shown) . KO B1-3 contained at least one additional mutation not tagged by Bar that revealed polymorphisms when genomic DNA was digested by SacI (Fig. 5A ), XbaI (data not shown), BamHI (data not shown), or SacI/BamHI (data not shown). In comparison to the other ⌬Manps1 mutants, SacI-digested KO B1-3 was missing a band ϳ0.6 kb in size and contained an ϳ8-kb band not present in the other strains (Fig. 5A) . The bands and background signals were more intense in the Ect A18-1 and KO B1-3 lanes in comparison to other strains due to DNA overloading of these samples to confirm the absence of the 0.6-kb band in KO B1-3 and the presence of additional bands in Ect A18-1 and KO B1-3 ( Fig. 5A; data not shown) .
Chemical analyses of ⌬Manps1 mutants and control strains. HPLC analyses of extracts of culture broth and mycelia (Table  3) showed that the amounts of destruxin A in broth or from mycelium did not vary significantly with strain (broth, F ϭ 0.2; df ϭ 3, 8; P Ͻ 0.9; mycelium, F ϭ 0.7; df ϭ 3, 8; P Ͻ 0.6). Average destruxin A production for all strains was 69.0 mg/ liter in broth (standard error of the mean [SEM] ϭ 6.5) and 4.9 mg/liter in mycelium (SEM ϭ 1.5). Destruxin B production in broth varied significantly with strain (Table 3 ; F ϭ 4.8; df ϭ 3, 8; P Ͻ 0.03). Strain KO B1-3 was the only strain to produce significantly less destruxin B than control strain Ect A-18 (Dunnett's test, P Ͻ 0.04). Mycelial dry weights did not differ significantly among strains (F ϭ 1.9; df ϭ 3, 8; P Ͻ 0.2) with an average dry weight for all strains of 898.1 g (SEM ϭ 55.6). Destruxin A and B production in broth by the ⌬Manps1 mutants KO 37-2 and KO 43-1 (data not shown) was comparable to that of ARSEF 2575, Ect A-18, and In mycelium, destruxin B production did not vary significantly with strain (Table 3 ; F ϭ 1.3; df ϭ 3, 8; P Ͻ 0.3). The average production for all strains was 2.9 mg/liter (SEM ϭ 0.7). However, strain KO 8-18 gave particularly variable results in this assay, which swamped differences that were evident when it was not included in the statistical analyses. For example, it became apparent that strain KO B1-3 produced significantly less destruxin B in mycelium when it was compared only to the control strains Ect A-18 and ARSEF 2575 (F ϭ 9.7; df ϭ 2, 6; P Ͻ 0.01). Besides producing less destruxin B in broth and mycelium, the ⌬Manps1 mutant KO B1-3 was distinct in that its culture fluid was more yellow than the others due to overproduction of the mutagens NG-391 and NG-393 by ϳ10-fold relative to ARSEF 2575 (46) . This increase in NG-39X production by KO B1-3 was presumably caused by a nonspecific mutation that occurred during ATMT, which was distinct from the MaNPS1 targeted gene disruption event. Evidence for this explanation was suggested by the RFLP patterns unique to KO B1-3 compared to the other three ⌬Manps1 mutants (Fig. 5A  and data not shown) .
Extracts of conidia, culture fluids, mycelia, and submerged blastospore-like propagules were analyzed by ESIMS. Conidial extracts of control strains ARSEF 2575 and Ect A18-1, but not of the four ⌬Manps1 mutants, produced mass spectra with peaks at m/z 673, 695, and 711 Da (Fig. 6 ) that are consistent with the pseudomolecular ions [MϩH] ϩ , [MϩNa] ϩ , and [MϩK] ϩ , respectively, of the novel cyclic heptapeptide serinocyclin A (45) . Serinocyclin A was estimated in conidiating cultures of ARSEF 2575 and Ect A18-1 at 24.0 Ϯ 6.3 and 19.1 Ϯ 12.9 g/9-cm plate, respectively (average of three replicates Ϯ the standard deviation). Neither serinocyclin A nor serinocyclin B was detected in the extracts of other developmental stages of the control strains, including mycelia, culture fluids, or submerged blastospore-like propagules (data not shown).
Insect bioassays with ⌬Manps1 mutants and control strains. No differences were detected in the ability of ⌬Manps1 mutants to kill hosts from two orders of insects in comparison to the control strains. Using BAW (Lepidoptera) as the host, the average mortality did not differ significantly among strains in single-dosage bioassays (Table 4) . Mortality ranged from 86 FIG. 4 . GA-resistant transformants in which the MaNPS1 gene was disrupted (KO B1-3, KO 8-18, KO 37-2, and KO 43-1) exhibited a 3.7-kb amplicon after PCR with primer pair Sma267F and 2EndR, whereas the wild-type strain ARSEF 2575 and the ectopic transformant (A-18-1) had a 1.9-kb amplicon representative of the intact gene without the Bar expression cassette (1.8 kb in size) (Fig. 1B) . VOL. 74, 2008 NONRIBOSOMAL PEPTIDE SPORE FACTOR IN METARHIZIUM 4373 to 95% among fungus-treated larvae and 0 to 4% among control larvae in all assays. The survival time for infected second instars ranged from 3.0 to 3.2 days across all strains. Conidial germination (i.e., the viability of the inoculum used for bioassays) did not vary significantly among isolates (F ϭ 0.9, df ϭ 4, 19, P Ͻ 0.5) and ranged from 82 to 97%. There was no correlation between the spore viability of each strain and larval mortality (Pearson r ϭ 0.02). There were no differences in virulence between conidia stored at Ϫ20°C for 1 day versus aged spores stored under the same conditions for 21 days before use in bioassays. Each transformant, grown as mycelia originating from the surface of sporulating cadavers of infected BAW, was demonstrated by PCR to be mitotically stable in the absence of Bar selection for up to several weeks after passage through the insect host. The PCR products amplified from recovered mycelium of each strain were of the sizes expected for the ⌬Manps1 mutants containing a disrupted copy of the MaNPS1 gene, as well as control strains containing a wild-type copy (data not shown).
Using CPB (Coleoptera) as the host, the average mortality did not differ significantly among strains in multiple-dosage bioassays (Table 4) . Mortality ranged from 38 to 48% among fungus-treated larvae and 0 to 8% among control larvae in all assays. Survival times for infected third instars ranged from 4.3 to 4.8 days across all strains. Conidial germination ranged from 92 to 99% among strains and did not vary significantly among isolates (F ϭ 0.6; df ϭ 5, 24; P Ͻ 0.7). It was notable that KO B1-3, the overproducer of the mutagenic NG-39X compounds in vitro (46) , was no more virulent against CPB than any of the other strains.
Colony hydrophobicity and growth rate of ⌬Manps1 mutants and control strains in the absence or presence of H 2 O 2 .
No differences in the hydrophobicity of conidiating colonies on 1 ⁄4SDAY could be detected when water droplets were placed Estimates are expressed as the mean of three replicated extractions from 11-day-old 100-ml cultures. Means within a column followed by the same letter are not significantly different at P Ͻ 0.05 in Tukey's HSD test.
b The amount of destruxin B produced by KO B1-3 in mycelium was determined to be significantly less than that of the two control strains only when KO 8-18, which was highly variable in this assay, was removed from the statistical analysis. See the text discussing the chemical analyses of the ⌬Manps1 mutants and control strains in Results for more details. -18) , produced on 1 ⁄4SSAY and measured at 9 h postplating, were comparable and ranged from 6.1 to 6.3 m (100 spores per isolate measured), which is within the size range of Յ9 m previously reported for M. anisopliae var. anisopliae (35) . Similarly, spore areas (where the total numbers of pixels were converted to microns) for these conidia were comparable, with average area measurements for ⌬Manps1 mutants ranging from 126 to 142 m and the two control strains at 134 m.
Conidial germination of ⌬Manps1 mutants and control strains on cockroach wings and in response to ageing, H 2 O 2 , or KCl treatment. Spore germination, extensive hyphal growth, and appressorium formation were evident on the surface of cockroach wings inoculated with 1 ⁄4SSAY-produced conidia from three ⌬Manps1 mutants (KO 8-18, KO 37-2, and KO 43-1) or two control strains (ARSEF 2575 and Ect A-18). Images of each isolate were recorded at 25 h postinoculation. There were no discernible differences among the isolates in their abilities to germinate, spread across the cuticle surface, or develop appressoria. Significant variability in germination was evident on each wing, with some areas supporting greater germination and growth than others.
No significant differences in viability of fresh (1-week-old) or aged (3-week-old) 1 ⁄4SSAY-produced conidia germinated on agar medium were detected between ⌬Manps1 mutants (KO 8-18, KO 37-2, and KO 43-1) and control strains (ARSEF 2575 and Ect A-18). The average percent germination levels for 1-and 3-week-old conidia at 9 h postplating and 12 h postplating, respectively, were 80.4% (SEM ϭ 3.9) and 84.0% (SEM ϭ 3.1), respectively. Similar results were obtained in two additional experiments assaying germination of 8-or 12-day-old conidia at 12 or 10 h postplating, respectively (data not shown). Control strains and ⌬Manps1 mutants were comparable in their rates of germination tube elongation, with an average germ tube length for 1-week-old spores of 5.7 m (SEM ϭ 0.7) at 9 h after plating.
No significant differences were detected between 10-day-old spores of three ⌬Manps1 mutants (KO 8-18, KO 37-2, and KO 43-1) and two control strains (ARSEF 2575 and Ect A-18) in their abilities to germinate in the presence of increasing concentrations of H 2 O 2 (0, 5, 7.5, and 10 mM). The percent ger- a For the percent mortality, no significant difference was observed among strains by analysis of variance. Analysis was done on arcsine-square root-transformed percentages. For S. exigua, F ϭ 0.8, df ϭ 4, 19, and P Ͻ 0.5; for L. decemlineata, F ϭ 0.13. df ϭ 5, 37, and P Ͻ 0.9). For the survival time (in days), no significant difference was observed in insect survival times among isolates. For S. exigua, F ϭ 1.4, df ϭ 4, 1,206, and P Ͻ 0.2; for L. decemlineata, F ϭ 0.9, df ϭ 5, 275, and P Ͻ 0.5. The number of insects refers to the number of insects dead from fungal infection within 7 days of inoculation. NT, not tested.
b Four (L. decemlineata) to six (S. exigua) assays were conducted with each strain, using 47 to 60 insects per strain per assay. 35 .6% (5 mM), 20.6% (7.5 mM), and 5.6% (10 mM) 19 h after plating.
No significant differences were detected between 6-day-old conidia of three ⌬Manps1 mutants (KO 8-18, KO 37-2, and KO 43-1) and two control strains (ARSEF 2575 and Ect A-18) in the germination of conidia on 0.8 M KCl. The average percentage germination at 17 h postplating without exposure to KCl was 67.4% (SEM ϭ 3.1), whereas germination in the presence of 0.8 M KCl averaged 49.6% (SEM ϭ 3.8). The biggest effect of 0.8 M KCl across all strains, besides delaying germination, was a noticeable inhibition of hyphal growth and elongation by 36 h postplating (data not shown).
Adhesion of conidia of ⌬Manps1 mutants and control strains to different surfaces with various levels of polarity. Attachment of conidia from ⌬Manps1 mutants (KO B1-3, KO 8-18, KO 37-2, and KO 43-1) and control strains (ARSEF 2575 and Ect A-18) to untreated polystyrene (uncharged, hydrophobic) was comparable for all of the strains (F ϭ 1.1, df ϭ 5, 12, P Ͻ 0.431) and ranged from 32 to 45%, with an overall average of attachment of 38% (SEM ϭ 2.0). The average numbers of CFU counted on the unwashed and washed plates were 271 (SEM ϭ 8.0) and 103 (SEM ϭ 5.0), respectively.
Cell surface hydrophobicity (CSH), as measured with a BATH (bacterial adhesion to hydrocarbon) assay, did not vary significantly among conidia of ⌬Manps1 mutants and control strains (F ϭ 0.5, df ϭ 4, 71, P Ͻ 0.741). Furthermore, CSH did not vary with age of conidia (F ϭ 0.3, df ϭ 1, 71, P Ͻ 0.584) or with the medium (Barley or 1 ⁄4SSAY) from which conidia were produced (F ϭ 1.1, df ϭ 1, 71, P Ͻ 0.295). The average CSH index for 7-to 30-day-old conidia was 90.4% (SEM ϭ 0.6). Conidia of ⌬Manps1 mutants (KO 8-18 and KO 43-1) and control strains (ARSEF 2575 and Ect A-18) bound equally poorly to weakly polar (untreated Permanox plastic slides), highly hydrophobic (Sigmacote-coated glass slides), and charged, hydrophilic (poly-D-lysine-treated Permanox plastic slides) surfaces, with average binding efficiencies of 0.04, 0.10, and 0.16%, respectively, over a 30-min period; relatively few conidia remained attached after the first of two washes. Conidia of both the ⌬Manps1 mutants and control strains bound equally well to DEAE-Sephadex with a range of recovery of 7.2 to 18.0% and an overall average of 12.9% recovery (SEM ϭ 2.0). Similarly, no significant differences were observed across strains in the binding of conidia to CM-Sephadex, although binding occurred at a much lower frequency, with a range of recovery of 76.5 to 88.5% and an average of 84.0% (SEM ϭ 2.1). Boucias et al. (6) reported similar results for the Sephadex-binding experiments.
Surface morphology of M. anisopliae var. anisopliae conidia. Germination assays of dried conidia stored at Ϫ20°C for 2 months before scanning electron microscopic analyses showed no major differences in viability between conidia of control strains (ARSEF 2575, 90%; Ect A-18, 79%) and the ⌬Manps1 mutants (KO 8-18, 82%; KO 37-2, 73%; KO 43-1, 73%). Scanning electron microscopy of these conidia at magnifications as high as ϫ50,000 revealed no clear differences between the surface morphologies of control and ⌬Manps1 mutants (data not shown). The surfaces of aerial conidia of M. anisopliae var. anisopliae were minutely cerebriform, with a resemblance to the gyri and sulci (bumps and grooves, respectively) of the cerebral cortex. The sizes and shapes of the conidia and superficial substructure were similar, except for minor differences in orientation and contour lengths of the 100-nm-wide folds and thin crevices comprising the cerebriform texture of the entire surface of each conidium. Boucias et al. (6) demonstrated by transmission electron microscopy that high-resolution surface replicas of M. anisopliae conidia exhibited a similar topography, with linear arrays of short rodlets and a regular cross-striation, similar to the organization and dimensions observed here.
DISCUSSION
Initial RFLP analyses suggested a correlation, albeit imperfect, between MaNPS1 and destruxin production by M. anisopliae. In addition, MaNPS1 was expressed in liquid culture conditions supporting mycelial growth and destruxin production. Because these results suggested that MaNPS1 might encode the destruxin NPS, this gene was chosen as a target for disruption to evaluate gene function. Gene disruption results showed clearly that MaNPS1 does not encode a destruxin synthetase since the ⌬Manps1 mutants produced amounts of destruxin comparable to the wild-type and ectopic control strains. The only exception to this result was KO B1-3, which produced less destruxin B than all other strains. The altered metabolism of this strain was probably caused by an independent, undefined mutation(s) that concurrently resulted in the overproduction of the NG-39X mutagens (46) and the underproduction of destruxin B. The presence of pseudomolecular ions representing the novel cyclic heptapeptide serinocyclin A in conidia of two control strains but not in four ⌬Manps1 mutants indicated that MaNPS1 encodes a serinocyclin synthetase and not a destruxin synthetase.
Although MaNPS1 was expressed in mycelia during vegetative growth in liquid CDBP, serinocyclins were not detected in these cultures. It is conceivable that the medium used for gene expression assays supported a preconidial developmental stage that could be associated with expression of the serinocyclin synthetase gene in the absence of conidia production. The absence of a natural product in the presence of gene expression could occur if the precursors necessary for synthesis of serinocyclins were unavailable in the culture medium or if posttranscriptional processes regulating serinocyclin production were developmentally or environmentally regulated and not supported by the culture conditions used. Under specific medium and environmental conditions, M. anisopliae has the potential to make at least three distinct single-cell types in vitro: blastospores, which have single-layered cell walls that bud from hyphae, and phialide-derived submerged conidia or aerial conidia, which have double-layered cell walls (40, 50) . Thus far, serinocyclins have been detected only in aerial conidia of M. anisopliae var. anisopliae and M. anisopliae var. acridum produced in plate cultures (45) . They were not detected in mycelial cultures of ARSEF 2575 grown in halfstrength SDY (pH 6.5) to produce submerged blastospore-like
